In a previous screen for Mycobacterium tuberculosis mutants that are hypersusceptible to reactive nitrogen intermediates (RNI), two genes associated with the M. tuberculosis proteasome were identified. One of these genes, pafA (proteasome accessory factor A), encodes a protein of unknown function. In this work, we determined that pafA is in an operon with two additional genes, pafB and pafC. In order to assess the contribution of these genes to RNI resistance, we isolated mutants with transposon insertions in pafB and pafC. In contrast to the pafA mutant, the pafB and pafC mutants were not severely sensitized to RNI, but pafB and pafC were nonetheless required for full RNI resistance. We also found that PafB and PafC interact with each other and that each is likely required for the stability of the other protein in M. tuberculosis. Finally, we show that the presence of PafA, but not PafB or PafC, regulates the steady-state levels of three proteasome substrates. Taken together, these data demonstrate that PafA, but not PafB or PafC, is critical for maintaining the steady-state levels of known proteasome substrates, whereas all three proteins appear to play a role in RNI resistance.
Mycobacterium tuberculosis is a successful pathogen that persists in nearly one-third of the Earth's population (11) . Infection occurs by the inhalation of aerosolized droplets containing M. tuberculosis bacilli into the lungs, where alveolar macrophages and other phagocytic cell types then engulf the bacteria. Within these cells, M. tuberculosis must face various host defenses (26) . One of the major protective defenses used by macrophages to contain M. tuberculosis infection is nitric oxide (NO), which is produced by the inducible nitric oxide synthase (19) . NO and other reactive nitrogen intermediates (RNI) can damage DNA, lipids, and proteins and interfere with various cellular processes (23, 30, 36) . As a result, mice that are deficient in inducible nitric oxide synthase are highly susceptible to M. tuberculosis infection (19) . However, despite the presence of RNI, M. tuberculosis is able to persist within the host.
Two genes, mpa (Mycobacterium proteasomal ATPase) and pafA (proteasome accessory factor), were previously identified to be important for the ability of M. tuberculosis to survive exposure to RNI in vitro and cause disease in vivo (6) . mpa and pafA were predicted to encode proteins involved in proteasome function in bacteria (10, 22) . Proteasomes are barrelshaped proteases consisting of 14 ␣ subunits and 14 ␤ subunits ("20S core") (1, 18) . In eukaryotes, a 19S cap complex associates with the 20S core particle. The base of the cap consists of six AAA (ATPase associated with various cellular activities) ATPases, while the lid proteins recognize ubiquitinated substrates targeted for degradation (4, 9, 25, 34) . Mpa is similar to ATPases found in the eukaryotic proteasome base (7) , and chemical inhibition of the M. tuberculosis proteasome protease activity sensitizes wild-type (WT) M. tuberculosis to RNI to a degree similar to that of the mpa or pafA mutants (6) . The strongest evidence connecting Mpa, PafA, and the proteasome protease is the observation that all three are required for the apparent degradation of three M. tuberculosis proteasome substrates (24) .
Although Mpa resembles proteasome-associated ATPases, PafA shares no homology with any protein of known function. In this work, we determined that pafA is in an operon with genes encoding two conserved proteins, Rv2096c (PafB) and Rv2095c (PafC). We also looked for interactions between proteins encoded by the pafABC operon and proteins involved in proteasome function. Finally, we investigated the role of each gene with respect to RNI resistance and substrate degradation by the M. tuberculosis proteasome. Taken together, this work represents the first study to examine the function of the previously uncharacterized pafABC operon.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The bacterial strains used in this study are described in Table 1 . Escherichia coli strains were grown in LuriaBertani (LB) Miller broth (Difco) at 37°C with aeration on an orbital shaker. E. coli strains were chemically transformed as previously described (28) . MacConkey plates with 1% maltose were prepared for use in the bacterial two-hybrid (BTH) experiments (16) . For T7 promoter induction, isopropylthio-␤-D-galactoside (IPTG) was added to a final concentration of 0.1 mM.
All M. tuberculosis strains used are derivatives of H37Rv (Table 1) . M. tuberculosis strains were grown in Middlebrook 7H9 with ADN (0.5% bovine serum albumin [Roche], 0.2% dextrose, 0.085% sodium chloride) without shaking in 75-cm 2 vented flasks (Corning). Middlebrook 7H11 plates enriched with BBL Middlebrook oleic acid-albumin-dextrose-catalase were used to grow M. tuberculosis on solid media. Nitrite killing assays are described elsewhere (6) .
The final concentrations of antibiotics used for E. coli were as follows: ampicillin, 200 g/ml; hygromycin, 150 g/ml; and kanamycin, 100 g/ml. For M. tuberculosis, both hygromycin and kanamycin were used at a concentration of 50 g/ml.
Plasmids. All plasmids and primers are listed in Table 1 . pMV-pafABC was made in several cloning steps that resulted in a plasmid with a 3.5-kb fragment including 208 bp upstream of the predicted start codon of pafA to the stop codon of pafC (GenBank accession number for pafABC, DQ990836). pMV-pafA was created by digesting pMV-pafABC with ClaI, which deleted pafC and 486 bp of pafB. pMV- pET24b(ϩ) was used to express pafABC in E. coli for in vitro interaction studies. pET24bϩpafABC and pET24bϩpafABC-His 6 were constructed using primers specific to the start of pafA (the GTG start site was changed to ATG for optimal expression in E. coli) and the end of pafC. pET24bϩpafABC-His 6 does not have a stop codon, which allowed inclusion of the His 6 tag encoded in the vector. Primers included restriction sites that allowed the PCR products to be cloned into the NdeI and HindIII sites of pET24b(ϩ). pET24b(ϩ) was also used for the construction of plasmids to overexpress pafA, pafB, and pafC individually for antibody production. These constructs were made using primers with restriction sites for NdeI and HindIII (Table 1 ).
All PCR-generated plasmids were sequenced by either the New York University School of Medicine DNA Sequencing Facility or Genewiz, Inc. (New Brunswick, NJ).
Mutant mining. A PCR-based approach was used to identify pafB and pafC transposon insertion mutants in a previously assembled H37Rv ⌽MycoMarT7 library (6) . A similar technique is described elsewhere (12, 17) . The ϳ10,100 mutants in the library were pooled into groups of 60, and chromosomal DNA was isolated from each pool. Each pool was screened using primers specific to the Himar sequence of ⌽MycoMarT7 (5Ј-AGACCGGGGACTTATCAGCCAACC TG-3Ј) (29) and the 3Ј end of pafC (5Ј-CGCAGCTGCCTGGTATGCATCCA G-3Ј). Amplified products of the predicted molecular weight were gel purified and sequenced using the Himar primer (New York University School of Medicine DNA Sequencing Facility). Once pools with pafB or pafC mutants were identified, each mutant within a pool was separately grown in 1 ml of 7H9 plus ADN with 50 g/ml kanamycin in 96-well plates with 2-ml wells (Nunc). After 2 weeks, chromosomal DNA was purified from individual mutants (Ultra Clean DNA purification kit; MoBio), and PCR was used as described above to identify mutants within the pool. Once identified, each mutant was single-colony purified by passing a mid-to late-log-phase culture through a 5.0-m filter (Millipore) by gravity flow. The resulting cell suspension was inoculated onto solid medium and incubated for 2 to 3 weeks. The presence of a single transposon insertion in each mutant was confirmed by Southern blotting. Genomic DNA was digested with BamHI and transferred to a nylon membrane (Hybond-XL; Amersham Biosciences). To probe for the presence of the transposon insertion on the chromosome, we used the entire pKD13 plasmid digested with HindIII to probe for the neomycin (kanamycin resistance) cassette encoded on the transposon. Detection was performed using the DIG High Prime DNA labeling and detection starter kit I (Roche).
RNA isolation, reverse transcriptase PCR (RT-PCR), and qRT-PCR. RNA was extracted from M. tuberculosis cultures grown in 7H9 plus ADN to an optical density at 580 nm (OD 580 ) of 1.0. An equal volume of 4 M guanidinium isothiocyanate-0.5% sodium N-lauryl sarcosine-25 mM trisodium citrate was added to cultures to arrest transcription, and cells were pelleted at 2,885 ϫ g. Bacterial pellets were resuspended in 1 ml TRIzol reagent (Invitrogen) and bead beaten with zirconia silica beads (BioSpec Products) in a BioSpec Mini Bead Beater two times for 30 s, with cooling of the samples on ice in between. Preparation of the RNA was performed as described by the manufacturer. RNA extraction was repeated two more times to ensure removal of all genomic DNA. RNA was stored in aliquots at Ϫ80°C. cDNA was synthesized using the Reverse Transcriptase System (Promega) with 100 ng of total M. tuberculosis RNA and random hexamers (Amersham Biosciences). For quantitative real-time PCR (qRT-PCR), we used Platinum SYBR green PCR SuperMix UDG (Invitrogen) in a Bio-Rad MyiQ real-time PCR system. BTH analysis. BTH assays were performed as described previously (16) . Protein fusions were constructed using pUT18C or pKT25 plasmids, and the primers used to make fusions in this study are listed in Table 1 . BTH101 cells were transformed with both plasmids and inoculated onto MacConkey agar supplemented with 1% maltose. Colonies were colony purified on the same medium. ␤-Galactosidase assays were performed as previously described to quantify the interactions between two fusion proteins (21) .
Affinity chromatography. Plasmids used for the production of His 6 -tagged Paf proteins are listed in Table 1 . One-hundred-milliliter cultures of E. coli strains containing plasmids carrying pafABC or pafABC-His 6 were induced with IPTG at an OD 600 of 0.6 for 5 h at 26°C. Cell lysates were prepared exactly as described in The QIAexpressionist manual. To examine protein-protein interactions, proteins were purified under native conditions. Lysate (750 l) was then added to 30 l of Ni-nitrilotriacetic acid (Ni-NTA) agarose (QIAGEN) and incubated with agitation for 1 h at 4°C. Ni-NTA agarose was pelleted and washed with 750 l wash buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 20 mM imidazole) three times. The agarose was resuspended in 200 l of elution buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 250 mM imidazole) and collected by centrifugation, and the supernatant was saved ("elution"). This was repeated four times to obtain four elutions. Samples were boiled for 5 min, and PafA, PafB, and PafC were detected by immunoblotting.
Antibodies and immunoblotting. Purification of proteins for antibody production was performed under denaturing conditions according to the manufacturer's specifications (QIAGEN). Polyclonal rabbit antibodies were raised against PafA, PafB, and PafC with C-terminal His 6 tags, each expressed individually in E. coli. Antibodies were produced using Freund's incomplete adjuvant by Sigma-Genosys (St. Louis, MO). Mpa and DlaT antibodies were described previously (7, 32) . For immunoblotting analysis, cell numbers equivalent to 10 OD 580 units were harvested. Bacteria were washed once in an equal volume of phosphate-buffered saline-0.05% Tween 20 and were resuspended in 350 l of lysis buffer (100 mM Tris-Cl, 100 mM KCl, 1 mM EDTA, 5 mM MgCl 2 , pH 8). Cells were lysed by bead beating with zirconia beads three times for 30 s. Total cell lysate (150 l) was mixed with 50 l of 4ϫ sodium dodecyl sulfate sample buffer and boiled for 10 min. Immunoblotting was performed as previously described (14) . Antibodies to His 6 -tagged PafA, PafB, and PafC antibodies were affinity purified as described elsewhere (7). Anti-PafA was used at a dilution of 1:1,000, and antibodies to PafB and PafC were used at a dilution of 1:100. FLAG antibodies were purchased from Sigma (St. Louis, MO). Horseradish peroxidase-conjugated goat anti-rabbit antibodies (Amersham Biosciences) were used for chemiluminescent detection (SuperSignal West Pico or Femto chemiluminescent substrate; Pierce). Antibodies to DlaT (dihydrolipoamide acyltransferase) were a kind gift from Ruslana Bryk and Carl Nathan.
RESULTS
Complementation of the pafA transposon mutation. pafA transposon mutants are severely sensitive to RNI in vitro (6) . We attempted to complement the pafA transposon mutation by introducing pafA in single copy into the M. tuberculosis chromosome at the attB site. When exposed to 3 mM sodium nitrite in medium at pH 5.5 for 6 days, the pafA mutation was partially complemented for the RNI-sensitive phenotype (Fig.  1A) . To determine if the entire pafABC operon could fully complement the pafA mutation, we introduced pMV-pafABC into the pafA mutant. Survival after RNI treatment was restored to WT levels (Fig. 1A) . These data suggested that the sensitivity to RNI of the pafA mutant was partly due to the polarity of this mutation on pafB and/or pafC. Consistent with this hypothesis, PafB and PafC proteins were undetectable in the pafA mutant (Fig. 1B) . Furthermore, RT-PCR revealed that there was no pafB or pafC transcript in the pafA mutant (data not shown). Thus, the pafA transposon mutation was polar on pafBC expression.
Examination of the DNA sequence around pafA suggested that pafA forms an operon with the two downstream genes, pafB and pafC. In M. tuberculosis, pafA and pafB are separated by eight nucleotides, while the stop codon of pafB overlaps the pafC start codon. The pafABC operon structure is conserved, and the predicted gene products are homologous only between other Actinomycetales (Fig. 2A) . At 65 bp downstream of pafC is tatA, which is involved in the twin-arginine translocation (Tat) pathway. The Tat pathway translocates folded proteins across the cell membranes in numerous gram-positive and gram-negative bacteria (2), as well as in Mycobacterium smegmatis (20) . This gene is not always located downstream of the pafABC operon in other Actinomycetales. Rv2098c is 52 base pairs upstream of the predicted start codon of pafA and encodes a hypothetical protein, PE_PGRS36, which contains a frameshift mutation towards the 5Ј region of the open reading frame. An Rv2098c transcript was not detected by RT-PCR (data not shown). Additionally, it does not appear that Rv2098c is cotranscribed with pafA, because we could not detect a transcript between Rv2098c and pafA (data not shown).
Our complementation data suggested that the pafA mutation was polar on the expression of pafB and pafC, based on the absence of pafBC message and PafB and PafC proteins in the pafA mutant. We performed RT-PCR analysis to determine if pafABC was transcribed as a single message. Primers spanning from the middle of pafA to the middle of pafC amplified an approximately 1.4-kb product (Fig. 2B) . DNA sequence analysis of this product confirmed that pafA, pafB, and pafC are indeed cotranscribed in WT M. tuberculosis. In addition, it appeared that tatA, which is predicted to be essential (29) , is cotranscribed with pafC (Fig. 2B) . In contrast, tatC, which is immediately downstream of tatA, does not appear to be cotranscribed with pafC. However, tatC is cotranscribed with tatA ( Fig. 2B) (27) . Therefore, it appears that there is readthrough transcription from the pafA operon to tatA, as well as expression of tatAC from a tat-specific promoter. qRT-PCR showed no change in tatA transcript levels between WT M. tuberculosis and the pafA transposon mutant strains (data not shown), suggesting that the pafC-tatA readthrough transcript is a minor product. Importantly, tatA does not appear to affect RNI resistance in the pafA transposon mutant, as pafABC was sufficient to restore RNI resistance to the pafA mutant.
pafB and pafC mutants have a subtle RNI-sensitive phenotype. pafB and pafC in addition to pafA are required to fully complement the pafA mutation, so we wanted to determine the individual contributions of these genes to RNI sensitivity. We isolated pafB and pafC mutants from a library of 10,100 transposon mutants (6) . We identified mutants with transposon insertions at nucleotide 769 of pafB and at nucleotides 466 and 767 of pafC.
The pafB and pafC mutants were tested for sensitivity to RNI. Neither mutant was as susceptible to RNI as the pafA mutant; however, the pafB and pafC mutants were more susceptible than WT M. tuberculosis to RNI-induced killing (Fig.  3A) . The pafB and pafC mutants were consistently killed between 5-and 65-fold more than WT M. tuberculosis; however, the statistical significance of these results varied across experiments (not shown). Figure 3A represents one experiment where the difference in the degree of RNI-induced killing between the WT and the pafB or pafC mutants had a P value of Յ0.05. Compared to the pafA mutant (P Ͻ 0.004), these mutants had a much more subtle phenotype. This likely explains why we did not identify the pafB and pafC mutants, which were present in the screened library, in the previous screen for RNI-sensitive mutants (6) . Nonetheless, these data showed for the first time that pafB and pafC were playing at least a small role in resistance to RNI in vitro. We examined Paf protein levels in the pafB and pafC mutants. Although PafA was present at similar levels in the pafB and pafC mutants, both PafB and PafC were absent from either the pafB or pafC mutants (Fig. 3B) . We checked for the presence of pafB or pafC mRNA in the pafC or pafB mutant, respectively, using RT-PCR and found that pafB mRNA was present in the pafC mutant and that pafC mRNA was present in the pafB mutant (data not shown). Because PafB and PafC were both absent in either the pafB or the pafC mutant, despite the presence of the respective mRNA, we hypothesized that each protein was necessary for the stability of the other. To test this, we complemented the pafB mutation with pMV-pafB and the pafC mutation by using pMV-pafC. Complementation of the pafB mutation with pafB did not restore steady-state PafC protein levels, despite restoring PafB protein levels (data not shown). This was not surprising, because the transposon insertion that introduced at least one stop codon in pafB most likely uncoupled translation from transcription of pafC. In addition, although we could qualitatively observe pafC transcript in the pafB mutant, it is possible that the pafC transcript was less abundant than in WT M. tuberculosis, further reducing PafC protein levels. Although PafB protein could be restored in the absence of PafC, this may be due to increased expression or translation of pafB expressed from the complementation plasmid.
In contrast to the case for the pafB insertion mutation, we found that complementation of the pafC mutation restored WT levels of both PafB and PafC (Fig. 3C ). This suggested that PafC was required for the stability of PafB (Fig. 3C ) and supported the hypothesis that PafB and PafC could interact. PafB and PafC interact. PafB levels were affected by the absence of PafC; therefore, we hypothesized that these two proteins interacted with each other. We used a BTH approach to look for the interactions between PafB and PafC. This assay utilizes two domains of the adenylate cyclase from Bordetella pertussis (T25 and T18), each encoded on a separate plasmid (16) . These plasmids are introduced into an adenylate cyclase (cya) mutant of E. coli that cannot use several carbon sources, including maltose and lactose. If two proteins of interest interact, they will bring the two Cya domains together, resulting in the production of cyclic AMP. This complements the cya mutation and allows the metabolism of maltose or lactose, which can be quantified by ␤-galactosidase assays. BTH analysis revealed that PafB and PafC interact strongly (Fig. 4A) . This result was comparable to those for previously tested interactions between other proteasome-associated components (i.e., PrcA with PrcB and Mpa with Mpa) with well-established interactions (6, 7, 15) . Neither fusion measured ␤-galactosidase activity above background with any other proteins tested, including PafA, Mpa, and PrcA (the ␣ subunit of the M. tuberculosis proteasome) (data not shown). However, this does not rule out possible interactions with these or other proteins; for example, the Cya domains may sterically hinder some protein-protein interactions.
The interaction observed between PafB and PafC in the BTH system was validated using Ni-NTA affinity chromatography. PafA, PafB, and PafC were produced in E. coli by using two pafABC constructs: one with a C-terminal His 6 epitope tag encoded at the end of pafC and the other without a His 6 tag. After incubation of lysates made from these strains with Ni-NTA beads and subsequent washing, immunoblot analysis of the eluted proteins showed that PafB specifically eluted with PafC-His 6 (Fig. 4B) . PafA did not elute with PafBC but was found in the flowthrough and wash fractions (Fig. 4B) . Importantly, PafB did not bind to the Ni-NTA agarose nonspecifically (Fig. 4B) . Taken together, these data show that PafB and PafC interact, and this interaction may explain why PafC is necessary for the steady-state stability of PafB in M. tuberculosis.
Mutations in pafB and pafC do not affect the stability of proteasome substrates in M. tuberculosis. We recently determined that Mpa and PafA are required for the apparent degradation of three proteins: FabD (malonyl coenzyme A acyl carrier protein transacylase), PanB (ketopantoate hydroxymethyltransferase), and Mpa itself (24) . In this work, we show that there is no PafB or PafC in the pafA mutant; thus, it was possible that PafB and PafC were also important for the stability of these proteins. Immunoblot analysis of total M. tuberculosis cell lysates showed that Mpa levels were dramatically increased in the pafA mutant compared to WT M. tuberculosis (Fig. 5A) (24) . Complementation of the pafA mutation with pafA or pafABC restored Mpa to WT levels (Fig. 5A) . In contrast to the case for the pafA mutant, Mpa levels appeared similar to those seen in WT M. tuberculosis in both the pafB and pafC mutants, suggesting that PafB and PafC do not regulate Mpa levels (Fig. 5B) .
We then examined the steady-state levels of FabD and PanB in the pafB and pafC mutants. FLAG-fabD-His 6 and FLAGpanB-His 6 were expressed in M. tuberculosis under the control of a heterologous mycobacterial hsp60 promoter and an E. coli ribosome-binding site (24) . In contrast to the mpa and pafA mutants (24) , epitope-tagged FabD and PanB did not accumulate in the pafB and pafC mutants ( Fig. 5B ; data not shown for pafC2). Thus, these data suggest that PafB and PafC are not necessary for the degradation of these substrates by the M. tuberculosis proteasome under the conditions tested.
DISCUSSION
This work has furthered our understanding of the previously uncharacterized pafABC operon. We have determined that pafA is cotranscribed with two additional genes, pafB and pafC. We showed that the RNI-sensitive phenotype caused by the transposon insertion in pafA was due to a lack of expression of the pafABC operon and not just pafA. While these data suggested that pafB and pafC have a role in RNI resistance, pafB and pafC transposon mutants were not as sensitive to RNI as pafA mutants. Our work also demonstrated that PafB and PafC interact, suggesting that PafB-PafC complex formation is required for their function. Finally, we showed that presumptive proteasome substrates did not accumulate in the pafB or pafC mutants, suggesting that PafB and PafC do not play as important a role in proteasome function as PafA and Mpa.
The pafABC operon is conserved in several other Actinomycetales. When comparing this operon to other species in the genus Mycobacterium, PafA is the most highly conserved protein, with Ͼ94% identity, while PafB and PafC are not as conserved ( Fig. 2A) . Interestingly, Mycobacterium leprae, the obligate host-associated bacterium that causes leprosy, maintains an intact pafABC operon despite having undergone massive genome decay (5, 33) . pafA and the proteasome protease genes (prcBA) are expressed in M. leprae based on microarray analysis (Ric Slayden and Diana Williams, personal communication) (35) . If M. leprae has conserved a minimal number of genes necessary for survival in vivo, this suggests that the paf operon plays an integral role during infection.
Outside of the genus Mycobacterium, the homology between PafB or PafC and its orthologues sharply declines, perhaps suggesting a less important role for these proteins than for PafA. Representative species from the genera Nocardia and Streptomyces are exceptional in that they contain genes in between pafA and pafB ( Fig. 2A) . However, these genes appear to be unrelated to the paf genes as well as to each other. Corynebacterium species do not appear to encode proteasome protease subunits, perhaps explaining why the PafABC proteins are the most degenerate compared to the other species. It is possible that the functions of these proteins are used differently in Corynebacterium species or are involved with another protease system. Currently, very little is known about proteasome biology in prokaryotes. In the eukaryotic proteasome system, the 19S complex that associates with the proteasome core consists roughly of two parts, the base, which binds to the protease core, and the lid (34) . This 19S complex consists of six ATPases as well as non-ATPase subunits (34) . Due to the lack of ubiquitin and homologous 19S cap structures in bacteria, it is likely that the M. tuberculosis proteasome uses a different system for targeting proteins for degradation. PafA appears to be required for protein degradation by the M. tuberculosis protea- Although PafB and PafC do not appear to be required for the degradation of known substrates, it is possible that they are involved in the degradation of other, unidentified substrates. There is precedence for the presence of different "adaptor" requirements for protein degradation. For example, the sigma factor RpoS, but not the lambda O protein, requires RssB for degradation by ClpXP in E. coli (37) . Other adaptors have been found to be involved in selectively targeting proteins to proteases in both gram-negative and gram-positive bacteria (13) . Clp proteases are biochemically different from the proteasome, but the idea that proteins are selectively degraded by different targeting mechanisms is likely to be a conserved theme. Future studies will test this hypothesis. Importantly, these studies will be critical as we design experiments to reconstitute proteasome activity in vitro. This work shows that PafA is an integral part of protein degradation by the proteasome, whereas PafB and PafC appear to be less important for proteasome function under the conditions tested.
